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Abstract 
The ferrospinels NixZn1_xFe2O4 (x = 0.0 and 0.6) nanoparticles (NPs) were successfully prepared by a 
sol-gel method and analyzed by TGA/DTA, XRD, SEM-EDS, UV-Vis-DRS, and pHIEP. The adsorption 
potential of NZF NPs towards the Bromophenol blue (BPB) dye was investigated. The batch adsorption 
efficiency parameters were studied including contact time, pH, initial dye concentrations and catalyst 
dosage. Results indicated that NZF crystallized in single-phase and exhibited smaller crystallite size 
(49 nm vs. 59.24 nm) than that of the pristine (ZF). The SEM analysis showed that the materials are 
elongated-like shape. NZF catalyst showed a red-shift of absorption bands and a more narrowed band 
gap (2.30 eV vs. 1.65 eV) as compared to ZF. The adsorption process was found to be highly dependent 
to the pH of the solution, dye concentration and adsorbent dose. Under optimum conditions of 5 mg.L–1 
BPB, 0.5 g.L–1 NZF catalyst, pH = 6, and 25 °C, up to ≈ 86.30%  removal efficiency could be achieved af-
ter 60 min. Pseudo-second-order kinetic model gave the best fit with highest correlation coefficients (R2 
≥ 0.99). A high specific surface area, a stabilized dispersion state of NZF NPs and the electrostatic in-
teraction between the BPB-2 anions and the NZF-H3O+ active sites on NZF surface were believed to be 
the main factors that can be responsible for the high adsorption efficiency. Copyright © 2020 BCREC 
Group. All rights reserved 
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Research Article 
1. Introduction 
Dye polluted water commonly originates 
from the industrial process, such as pharmaceu-
tical, textile, dyeing, leather, synthetic deter-
gent, plastic, and even house hold activities. The 
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negative impact of these colored wastewaters on 
the wildlife causes a tremendous environmental 
problem in the world in terms of ecology and 
sustainable development [1]. The wastewater 
treatment of the industrial effluents is being a 
primary concern of the scientific society. Con-
ventional processes for removing colored 
wastewaters, including ion exchange, adsorp-
tion, chemical precipitation, membrane filtra-
tion technologies, and electrochemical treat-
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ment. Among these established techniques, the 
adsorption process has been found to be simple, 
efficient and economic for environmental reme-
diation [2,3].  
In this context, the use of the normal spinel 
Zinc ferrite or franklinite (ZnFe2O4) or modified 
spinel with appropriate properties can be bene-
fit in the field of adsorption and catalysis [4]. 
Recently, ZnFe2O4, with a typical   band gap Eg 
of about  1.9 eV [5], which enables it to absorb 
sunlight up to 653 nm or even larger,  has po-
tential application as the Fenton-like heteroge-
neous catalysts in the oxidation processes of re-
fractory contaminant. However, due to their 
low valence band potential and poor quantum 
efficiency, ZnFe2O4 can not be used directly in 
the photocatalysis processes [6]. In the band 
gap engineering the solar light activated cata-
lysts can be applied by transition metals doping 
for size-controlled functional nanomaterials [7-
11] or for effective photoinduced electron–hole 
pair’s separation, including semiconductor com-
bination with matching band potentials [6,11-
18]. It is worthwhile to note that these cata-
lysts based iron-containing compounds when 
used directly in solution, often give rise to par-
ticle agglomeration with severe loss of effective 
surface area due to the magnetic interactions. 
However, doping with transition metal, such as 
Ni+2, Mn+2, Co+2, Cu+2, etc. into the spinel  
ZnFe2O4 nanostructures,  could be able  to con-
trol  the particle size, efficiently avoid  particles 
from agglomeration, and hence improve the  
structural, morphological, magneto-optical, and 
heterogeneous Fenton-like  activity.  
Among the nanostructured spinel ferrite 
materials, the iron nickel zinc based ferrites 
(NixZn1-xFe2Os) have much interesting proper-
ties such as high saturation magnetization, 
high resistance and low eddy current losses 
[19]. This material has potential applications in 
the field of microelectronics, and magneto-
optics, catalysts, absorbent, sensors, electronic 
devices and in water splitting photoelectro-
chemical process [20-25]. Up to now, various 
synthetic approach have been developed to syn-
thesize nano-sized particles of ferrite materials, 
like sol–gel, hydrothermal, solvothermal, co-
precipitation, microwave combustion and cit-
rate precursor method [26-32]. Conversely, 
some disadvantages of the pre-cited methods 
like high-energy consuming, long reaction time 
in complicated equipment at high temperature, 
the use of  a strong base.  
Recently, much attention has been devoted 
to sol-gel method for the elaboration of nano-
ferrite functional materials [33-35]. The     
method gives inorganic materials with high pu-
rity under  mild conditions [36]. In this study, 
Ni-doped ZnFe2O4 nano-catalyst was prepared 
by simple sol-gel route. The material is less ex-
plored in the field of sorption of organic pollu-
tant including dyes and other organics. The as-
synthesized Ni0.6Zn0.4Fe2O4 (is denoted as NZF) 
catalysts was  in detail characterized by Differ-
ential Thermal Analysis (DTA) - Thermo Grav-
imetric Analysis  (TGA), X-ray diffraction 
(XRD), Scanning Electron Microscopy (SEM-
EDS), pHIEP, and UV-vis Diffuse Reflectance 
(UV-Vis-DRS) techniques. The impact of Ni-
content (x) on the crystallographic, morphology 
and optic properties of NZF was studied.  The 
adsorption activity of NZF catalyst were inves-
tigated in the removal of Bromophenol blue dye 
(BPB), as a target contaminant, from simulat-
ed wastewater. We have also explored system-
atically the effects of the operational conditions 
such as reaction time, pH of the solution, the 
dye concentration and catalyst dosage on the 
efficiency of adsorption. The removal reactions 
as function of time were fitted with the pseudo-
second-order kinetic model. Based on the stud-
ied properties of the material, a mechanism of 
the increased adsorption activity of NZF cata-
lyst was elucidated. 
 
2. Materials and Method 
2.1 Materials  
All reagents, including FeSO4.7H2O, Zn 
(COO)2.6H2O, NiCl2.6H2O, Citric acid, and Bro-
mophenol blue (3′,3″,5′,5″-tetra bromo phenol 
sulfonphthalein with the highest purity availa-
ble were purchased from Sigma Aldrich. The 
chemical structure and physicochemical prop-
erties of Bromophenol blue dye are presented 
in Table 1.  
 
2.2 Catalyst Characterizations 
To determine the desired temperature for 
phase NZF formation, the sample was ana-
lyzed thermally by NETZSCH STA 449F3 
STA449F3A-1085-M Instrument (DTA-TG 
1000 °C) under a nitrogen atmosphere with a 
heating rate of 5 °C/min, from room tempera-
ture to 1000 °C. X-ray diffraction (Bruker D8 
Advance) was performed to characterize the 
phase and structure of ZF and NZF nanoparti-
cles using Cu-Kα radiation at angle ranging 
from 10 to 80° and a scanning rate of 10 °/min. 
The average crystallite size of the synthesized 
catalysts is calculated from the full-width-half-
maximum (FWHM) of the diffraction peaks us-
ing Scherrer Equation (1) [37]. 
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         (1) 
 
 
Where dXRD, λ, β, θ are the average crystallite 
size, the wavelength (1.5406 Å), the full-width 
at half maximum (FWHM) of the intense peak 
in radians and Bragg angle. The size and the 
morphologies of the sample were examined us-
ing Jeol JSM 6360LV. Scanning Electron Mi-
croscope coupled with EDS (SEM-EDS) analy-
sis was carried out by using Jeol JSM-6410. 
UV–vis spectrophotometer (Perkin Elmer 
Lambda 650) for UV–vis diffuse reflection spec-
tra from 900  to 200 nm. The band gap energy 
(Eg) of prepared nanoparticles can be found us-
ing Kubelka-Munk (K-M) model [38]. The ab-
sorption wavelength (λ) of  a solid and its’ band 
gap value can be given by the Equation (2). 
 
  Eg = 1240/λ            (2) 
 
The residual pollutant concentrations during 
adsorption process were monitored with UV 
Spectrophotometer (Shimadzu UV mini-1240) 
in the range 200 - 800 nm, using 1 cm optical 
pathway cells. 
Polycrystalline spinel ferrite with formula 
Ni0.6Zn0.4Fe2O4 (denoted as NZF) was synthe-
sized by the reaction of metal salts (M) includ-
ing FeSO4.7H2O, Zn(COO)2.6H2O, and           
NiCl2.6H2O (molar ratio Ni2+ : Zn2+ : Fe3+ = x : 
1-x : 2 in distilled water with citric acid (CA) 
(M:CA of 1:1,1) with vigorous stirring. The ob-
tained brown red solution was kept under stir-
ring at room temperature for 24 h. The precipi-
tated product was separated and thoroughly 
washed with distilled water and ethanol for 
three times and lastly dried in an oven at 80 °C 
for 24 h under normal pressure. At the end,  
samples were crushed and heated at 900 °C 
during 4 h. For comparison purpose, ZnFe2O4  
(denoted as ZF) was also prepared in the simi-
lar route by calcination of solid Zinc ferrite par-
ticles at 1000 °C during 4 h.  
2.3 Adsorption Experiment 
Typically, 50 mg of adsorbent (i.e. ZF and 
NZF) was poured in 100 mL of BPB dye solu-
tion (10 mg/L). Before adsorption, the pH of 
each solution was adjusted in the range of 6-11. 
The adsorption was monitored at 25 °C in the 
dark for 60 min until equilibrium. After each 
10 min, 5 mL of dye samples were centrifuged 
and analyzed by UV–vis spectrophotometer 
(Shimadzu UV mini-1240) at λmax (592 nm) of 
BPB solution. The adsorption capacity q (mg/g) 
was calculated by Equation (3). 
 
 
        (3) 
 
The removal efficiency of the catalyst η (%) is 
expressed using Equation (4). 
 
    (4) 
 
 
where q is the adsorption capacity of the ad-
sorbate (mg/g), m is the weight of adsorbent 
(g), vis the volume of solution (L), vis the vol-
ume of solution (L), Ce and Ct are the concen-
trations of the dye at equilibrium and at time t, 
respectively, Ci is the initial dye  concentration  
(mg/L), and Cf is the residual dye concentration 
after adsorption equilibrium (mg/L). 
 
3. Results and Discussion  
3.1 Characterization of the Powder 
The DTA-TGA thermogram of the 
Ni0.6Zn0.4Fe2O4 (NZF) NPs is illustrated in Fig-
ure 1. The thermal decomposition of NZF pro-
ceeds with three main decomposition steps. 
The first weight loss occurred mainly in the 
range from 25 to 120 °C, corresponding to the 
exothermic peak in the TDA curve, namely at 
120 °C. 
The weight loss associated with this state 
(i.e. 18%) corresponding to the evaporation of 
adsorbed water molecules from NZF surface in 
Bromophenol blue Characteristics 
 
Atomic composition C19H10Br4O5S 
λmax (nm) 592 
Molar mass (g/mol) 669,961 
pKa 3 (yellow<3) 
4.6 (blue > 4.6 and 
green 3-4.6) 
Table 1. Chemical structure and physicochemical properties of Bromophenol blue dye [57]  
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perfect consistency with the reported works in 
the literature [39,40]. In the temperature range 
120-425 °C, a second weight loss was observed, 
corresponding to the exothermic peaks in the 
TDA curve, namely at 250 °C and  425 °C, with 
respect to the output of the trapped water and 
the decomposition of  the citrate network,      
respectively, representing weight loss of about 
29%. The third weight loss (≈11%) occurred 
mainly from 445–750 °C and leveled off when 
the temperature approached 750 °C. The re-
moval of organic impurities still remaining in 
the material after 800 °C. Therefore, sample 
was annealed from 900 °C to investigate the 
formation of the NZF  phase. 
Typical XRD patterns of spinel ZF and NZF 
samples are depicted in Figure 2. The diffrac-
tion peaks are the reflections corresponding to 
the hkl planes (111), (220), (311), (222), (400), 
(422), and (511). These diffraction peaks con-
firm the formation of cubic spinel structure of 
crystal (space group Fd-3m and JCPDS CARD 
01-1108). There is no additional peak dealing 
with impurities. As shown in Figure 3 and Ta-
ble 2, the decrease in the intensity of  peaks as 
well as the shift in their  positions to higher 
value of 2θ were observed in the XRD patterns 
of NZF as compared to ZF is an indicative of 
lattice cell parameter reduction for the cubic 
NZF sample with  Ni-content (x=0.6) with low 
crystalline material. The average crystallite 
size was estimated by Scherrer’s equation us-
ing the broadening of the (311) peak. The re-
sults are shown in Table 2. The undoped ZF ex-
hibited a crystallite size of 59.24 nm and it is 
reduced to 49.00 nm with Ni doping (NZF). 
The peak broadening in XRD pattern is an 
indicative of smaller nanoparticle sizes [41]. 
The lattice constants “a” of the samples calcu-
lated from their corresponding XRD pattern 
data are obtained by Fullprof program are dis-
played in Table 2. The results showed a de-
crease in lattice parameter values from 8.4404 
Å (ZF) to 8.3857 Å (NZF) with Nickel content 
(x=0.6). This finding is in constancy with grad-
ual substitution of Zn2+ ions of larger ionic ra-
dius in ZF spinel by Ni2+ ions with smaller ion-
ic radius (0.83 Å vs 0.74 Å) in NZF nanoparti-
cles [42-46]. The lattice parameter “a” is in 
good agreement with the standard JCPDS val-
ue of 8.441 Å (JCPDS No. 22-1012). 
The theoretical density (Dt) and specific sur-
face area (SS) of nano-catalysts were evaluated 
by Equations (5) and (6).  
 
 
   (5) 
 
 
             (6) 
 
 
Figure 1. TGA-DTA plots of the dried gel for NZF sample  
 
where Z is equal to 8 chemical species in the 
unit cell of spinel lattice , Mc  is the molar mass 
of the sample (g.mol−1), aexp is the lattice pa-
rameter of the ferrite (Å), and N is Avogadro’s 
number (6.022×1023 mol−1). The theoretical 
density (Dt) is given in Table 2. The results 
showed an increase of Dt from 5.325 to 5.338 
g/cm3 as the Ni-content (x) increases from x=0 
to x= 0.6. These should give specific surface ar-
eas of ~19.02 for ZF and 22.94 m2/g for NZF.  
The morphologies and structures of the 
magnetically ferrospinel NZF NPs were investi-
gated using SEM images (Figure 4 a–c). Typi-
cal low-resolution SEM images, as seen in Fig-
ure 4 a-b, clearly reveal that NZF consisted of 
large randomly shaped aggregates of smaller 
individual ultrafine NPs. Particles with size up 
to 500 nm constituted from ultrafine particles 
were observed. As the particles are very small, 
so they get aggregated to certain extent due to 
high surface-to-volume ratio as well as magnet-
ic interactions.   
The NZF nanoparticles were further charac-
terized with EDX analysis. As illustrated in 
Figure 5c, the relative atomic abundance of O, 
Fe, Ni, and Zn elements present in NZF nano-
catalyst are 64.33, 24.59, 6.99, and 4.09 %, re-
spectively. Furthermore, the atomic ratio O/Fe 
(2.6) is slightly higher than 2 which is an indic-
Copyright © 2020, BCREC, ISSN 1978-2993 
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ative of intrinsic defects in the crystalline stric-
ture (as mentioned in XRD analysis). Basically, 
great number of available active sites is pre-
sent in samples with intrinsic oxygen vacancy 
defects. This can be benefit for the heterogene-
ous Fenton-like reactions in terms of reactivity 
and selectivity. 
The pH drift method was used to find the 
isoelectric point of NZF NPs catalyst. Typically, 
150 mg of NZF NPs was added to a solution of 
NaCl (50 mL, 0.01 M) at room temperature and 
pH adjusted initially (pHi) from 4 to 10. The fi-
nal pH (pHf) was determined after 48 h. The 
value of IEP can be found by plotting ΔpH ver-
sus initial pHi as shown in Figure 5. The pH of 
zero charge of NZF NPs was found to be 6.75. 
This is an indication that the surface of the ma-
terial is negatively charged at pH values above 
6.75. While at pH under 6.75, the surface is 
positively charged. 
The optical absorption properties of the spi-
nel ZF and NZF nano-catalysts were investigat-
ed by UV-Vis-DRS. As depicted in Figure 6, the 
pristine ZF show high absorption in 200–600 
nm region which is typical to ferrite based 
nanosystems, which may have orbital contribu-
tions from 3d4-4s1, 3d5 and 4S [47,48]. ZF and 
NZF nano-catalysts exhibit a well-defined ab-
sorbance edges in the visible region at around 
 










































Figure 2. X-ray diffraction patterns of  spinel 
ZF and NZF  
Figure 3. Superposition of X-ray diffraction 
patterns of spinel ZF and NZF  
 






















































ZF 35.2380 8.4404 0.1407 59.24 5.325 19.02 
NZF 35.4754 8.3857 0.1664 49.00 5.338 22.94 
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at 600 and 780 nm, respectively. This result 
gives us that both catalysts can be activated in 
the visible light region. The band structure is 
generally defined by taking the O2p orbital as 
the VB and the Fe3d orbital as the CB. The ab-
sorption of ferrospinels in the visible light re-
gion is due to the electron excitation from O2p 
into the Fe3d level. Compared with the absorb-
ance edges of ZF, the absorption edge of NZF 
nano-catalyst have displaced to the higher 
wavelength due to the presence of high rate of 
crystalline defects and thus creation of novel 
intermediate energy levels between the VB and 
CB. These levels allow the promotion of elec-
trons from VB to CB energy level. As shown in 
Figure 6, the two absorption edges in DRS 
spectrum of NZF spinel indicated the presence 
of two crystallite phases in NZF catalyst [49]. 
The optical properties of the ZF and NZF are 
collected in Table 3. The plot of the modified K-
M function by Equation (7) permitted to find 
the band gap energy (Eg). 
     (7). 
 
 
with α is the linear absorption coefficient, h is 
the Planck’s constant, ν is the light frequency, 
Eg, and β are band gap energy and a constant 
involving properties of the bands respectively. 
The Eg values were calculated using the Tauc 
plotting of (αhv)2 vs. hν and (αhv)1/2 vs. hν for 
indirect and direct transitions, respectively, by 
extrapolating the straight line of these plots to 
(αhv)2=0 and (αhv)1/2 =0, as shown, respectively 
Figure 4. Micrography SEM for NZF: (a-b) Low-resolution SEM, and (c) EDX analysis for NZF  
Table 3. Optical parameters: n, λmax, and Eg, 
for ZF and NZF  
Catalysts n λmax (nm) Eg (eV) 
ZF 2 539 2.30 
 NZF 1/2 751.51 1.65 
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Figure 5. The IEP of NZF nano-catalyst Figure 6. DRS spectra of ZF and NZF  
Figure 7. (αhv)2 versus hv plot of ZF Figure 8. (αhv)1/2 versus hv plot of  NZF  
in Figures 7 and 8. The Table 3 indicates the Eg 
values for ZF and NZF. Based on the above re-
ported results in Table 3 and Figures 7 and 8, for 
indirect transitions the Eg value for ZF was esti-
mated to be 2.30 eV, while for NZF was 1.65 eV 
(direct transition).  
 
3.2 Adsorption Kinetic  
3.2.1 Effect of pH solution 
Qualitative study of the evolution of absorp-
tion band maxima of BPB in aqueous solution at 
various pH: BPB is a redox indicator dye which 
shows color transition in the range from 3 to 6. 
The color of BPB solution is yellow at pH = 3, 
and exhibits bluish purple color at pH > 4.6. 
BPB exhibits two pKa values (pKa1 = 3 and pKa2 
= 6) with absorption maxima at 440 nm and 592 
nm in the visible region. Figure 9 depicts the dis-
sociation equilibrium of the pH indicator BPB. 
Thus, BPB displays three forms: neutral form 
(BPB) at pH < 3 (pH < pKa1), first anionic form 
(BPBˉ) lays between pH 3 and 4.6 (pKa1 < pH < 
pKa2) and second anionic form (BPB-2) at pH > 
4.6 (pKa1 < pKa2 < pH). 
Figure 10 illustrates the UV-visible spectra of 
BPB in aqueous solution at various pHs. At neu-
tral pH (i.e. pH = 6.5 and C0 = 10 mg/L), BPB ex-
hibited a main band at 592 nm and associated 
with two absorption bands in the ultraviolet re-
gion appeared at 308 and 380 nm. As can be 
seen in Figure 10, under neutral and alkali me-
dia (i.e. pH ≥ 6), BPB molecules exhibited con-
stant absorption bands with same intensities 
while they are most sensitive to the pH of the so-
lution under acidic media (i.e. pH = 2 and 4).  
As the value of pH of solution decreases at 4, 
a new band in the region 440 nm appears in the 
spectrum attributed to the π→π* transition in 
the C=C–C=O and C=C–C=C links. These ab-
sorption bands correspond to the color changes of 
the Bromophenol blue from blue (BPB-2) to pur-
ple (BPB-1). One should keep in mind that the 
concentration of neutral BPB form is higher 
than the anionic form. Further decrease in pH 
beyond 4 (i.e. pH = 2), the main band of BPB 
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blue shifted from 592 nm (anionic species   
BPB-2) to 440 nm (neutral and yellow form 
BPB). A such hypochromic shift (H‐bands) com-
pared to the monomeric species are attributed 
to the partially self-association of BPB mono-
mers in solution and the change in environ-
mental conditions such as polarity of the sol-
vent will result in solvatochromism, which is 
due to the strong intermolecular van der 
Waals‐like attractive forces between the BPB 
molecules. The isosbestic point, at 490 nm pre-
sent in the absorption spectra confirms the 
equilibrium between acid (BPB or BPB-1) and 
basic (BPB-2) forms in the Bromophenol blue 
samples [50]. For that reason, the adsorption 
process was conducted at pH ≥ 6.  
Quantitative study: the evolution of the deg-
radation efficiency of BPB in aqueous solution 
at various pH: The pH of the wastewater is one 
of the vital parameters that determine the effi-
ciency of adsorption process. Thus, the experi-
ments were conducted over a range of pH val-
ues from 6 to 11 at a fixed dye concentration (5 
mg.L-1), catalyst dosage (0.5 g/L of NZF) and 25 
°C within 60 min of reaction. The plot of the  
adsorbent amount against  time was illustrat-
ed in Figure 11. As shown in Table 4, the ad-
sorption efficiency decreased from 86.30 to 
4.27% as pH was increased from 6 to 11. The 
optimum pH of the BPB dye was 6. At this pH, 
the removal is maximum (up to 90.38 %) was 
achieved within 60 min. The link between the 
Figure 9. Dissociation equilibrium of the pH indicator Bromophenol Blue (BPB)  
Figure 10. Effect of pH on the UV-visible spec-
tra of BPB dye in aqueous solution  
Figure 11. Effect of pH solution on the ad-
sorbed amount of  BPB 
Table 4. Pseudo-second-order kinetics parameters for adsorption of BPB at various pH solution  

















R2   
6 86.30 16.17 17.98 0.035 11.47 0.994 9.62 0.049 0.832     
8 73.15 14.64 14.06 0.131 25.84 0.995 5.24 0.049 0.584     
11 4.27 1.05 1.03 0.214 2.43 0.984 1.00 0.049 0.714     
 
Bulletin of Chemical Reaction Engineering & Catalysis, 15 (3), 2020, 734 
Copyright © 2020, BCREC, ISSN 1978-2993 
layer charge density and the sorption-
desorption reactions can be explained by the 
Surface Complexation Model (SCM) [51]. In the 
2-pK approach, we assume that most of the 
semiconductor oxides are amphoteric in nature, 
can associate or dissociate proton in aqueous 
solution. The IEP (the pH of zero point charge) 
of NZF nano-catalyst was about 10.2 [52]. The 
catalyst surface has a net positive charge at 6 ≤ 
pH < IEP, according to the following reaction 
(Equation (8)). 
 
NZF + H3O+ → ≡NZF-H3O+      pH<IEP         (8) 
 
NZF surface becomes negatively charged for 
pH > IEP, given by the following reaction 
(Equation (9)). 
 
NZF+ OH− → NZFO− + HO2      pH > IEP      (9) 
 
BPB is a redox indicator dye which has two 
functional groups (i.e. sulfonic acid group         
(-S(O3)-) and oxyl group (O-)). Under weak acid-
ic medium (i.e. pH=6 < pKa < IEP), BPB is  
having strong negative charges in water (BPB2-
). The surface of NZF with more positively 
charged (NZF-H3O+) and concentration of –OH 
was less important  to struggle with  BPB2- ani-
ons for vacant adsorption sites (Equation (10)), 
favoring adsorption  of  anionic form (BPB2-) as 
a result of increased electrostatic force of at-
traction, as shown in Equation (11). 
 
NZF-H3O+ + –OH (less) →[NZF-H3O---OH]    
neglected competition                                   (10) 
 
NZF-H3O+ + BPB2- → [NZF-H3O---BPB] electro-
static forces of attraction                              (11) 
 
The removal efficiency of NZF towards the 
BPB was high at pH = 6. However, when pH 
solution was increased up to 8 (pKa < pH < 
IEP), a slight decrease in the removal efficiency 
of BPB (up to 73.17%) was achieved within 60 
min. At pH 8, the surface charge of  NZF is less 
positively charged and the number of –OH was 
great than BPB2- anions. So, there have been a 
competitive adsorption between anions which 
reduce the dye adsorption (Equations (12-13). 
 
NZF-H3O+ + –OH (great) → [NZF-H3O---OH]  
involved competition                                     (12) 
 
NZF-H3O+ + BPB2- →[NZF-H3O---BPB] electro-
static forces of attraction                              (13) 
 
By contrast, the adsorption efficiency of 
BPB was scarily low and depicts minimum effi-
ciency (up to 4.27%) at pH 11. This might be 
explained on the basis of amphoteric behaviors 
of  NZF catalyst under strong alkali media. At 
this pH, (pKa < IEP ≈ pH), both NZF surfaces 
and BPB dye were negatively charged along 
with very high concentration of –OH. Thus,      
–S(O3)− and/or (O-)) were unable to adsorb on 
the (NZFO-) surface due to the electrostatic 
forces of repulsion (Equations (14-16)). 
 
NZFO- + BPB2- → [NZFO- + BPB2-] electrostat-
ic forces of repulsion                                         
(14) 
 
NZFO- + OH− → [NZFO- + OH−] electrostatic 
forces of repulsion                                        (15) 
 
BPB2- + OH− → [BPB2- + OH−] electrostatic 
forces of repulsion                                        (16) 
 
Moreover, at this pH too close to IEP and 
according to the principles of general colloid 
chemistry, an electrostatically stabilized dis-
persion system typically loses stability when 
the magnitude (i.e. absolute value) of the zeta 
potential decreases to less than approximately 
30 mV. As a result, there will be some region 
surrounding the condition of zero zeta potential 
(i.e. the IEP) for which the system is not partic-
ularly stable. Within this unstable region, the 
particles may agglomerate, thereby increasing 
the particle size and reducing positive site of 
surface catalyst when transfer from neutral to 
basic medium. As a result, 86.30 % of dye was 
removed at pH = 6 within 60 min at mild con-
ditions. Based on our results, additional re-
search will be carried out at a pH of 6 [53].  
 
3.2.2 Effect of time of the reaction on BPB dye 
removal 
The effect of time on BPB removal at vari-
ous equilibrium time (5–60 min) was investi-
gated. The removal efficiency was plotted in 
Figure 12. A dramatically increase in the re-
moval of BPB was observed in the initial stage 
(first 10 min). The removal of dye then gradu-
ally gets increased with increase of contact 
time up to 30 min in the second stage until 
equilibrium between the dye and the adsor-
bent. The equilibrium was reached during the 
optimum time of 60 min. Moreover, within 10 
min the removal efficiency of 74.29 % with ad-
sorbed amount of 14.24 mg/g of BPB were ob-
tained. The presence of active sites on the NZF 
surface was believed to be responsible on the 
high rate of adsorption in the initial stage. 
However, the removal of the dye was insignifi-
cant after equilibrium. This can be explained 
 
Bulletin of Chemical Reaction Engineering & Catalysis, 15 (3), 2020, 735 
Copyright © 2020, BCREC, ISSN 1978-2993 
by the slow pore diffusion or saturation of dye 
molecules [54].  
 
3.2.3 Effect of the initial BPB concentration  
The effect of initial dye concentrations on 
adsorption process at a fixed NZF dosage (1 
g/L), pH 6 and 25 °C was studied using BPB 
concentrations ranging between 5–40 mg/L 
within 60 min. As shown in Figure 13 and sum-
marized in Table 5, the adsorption kinetic of 
the BPB via NZF decreased with time and then 
achieved equilibrium after 60 min.  
The removal efficiency is slightly decreased  
from 86.30 to 84.74% as the BPB concentra-
tions ranged in the field 5-10 mg/L and then 
scarily declined to 28.39 % as the BPB concen-
trations varies  to 20 mg/L. At higher BPB con-
centrations than 20 mg/L, the removal efficien-
cy remained almost constant. Optimum concen-
tration of BPB dye removal (up to ≈ 86.30%)  
was obtained at 5 mg/L. The low initial concen-
tration (i.e. 5 mg/L), provides the necessary 
Van der Waal’s driving force to overcome the 
mass transfer resistance of BPB dye to the ac-
tive surface sites of the NZF adsorbent. Moreo-
ver, the number of collisions between dye mole-
cules was improved which increase the adsorp-
tion process. The active sites available on the 
surface of the NZF, are sufficient to immediate-
ly react with BPB molecules, and consequently 
result in an enhancement in the rate of remov-
al of BPB (86.30 %). Further increase in dye 
concentration beyond 5-10 mg/L, obviously af-
fect the adsorption yield. This will be attribut-
ed to the lesser driving force of concentration 
gradient between BPB and NZF catalyst, satu-
ration of adsorption sites on the NZF surface or 
slow pore diffusion, and subsequently the prob-
ability of collision between BPB molecules and 
adsorption sites were reduced, resulting in an 
inadequate adsorption of BPB on the NZF sur-
face.  
 
3.2.4 Effect of catalyst dosage 
The effect of catalyst dosage on the removal 
efficiency of BPB is shown in Figure 14 and the 
results are collected in Table 6. While keeping 
constant all the other operating parameters; 
initial BPB concentration of 5 mg/L, pH 6 and 
25 °C during 60 min, the NZF dosage m/v was 
varied from 0.25 to 1.5 g/L. As shown in Figure 
Figure 13. Effect of initial BPB concentration 
on the adsorbed amount of BPB 
Table 5. Pseudo-second-order kinetics parameters for adsorption of BPB at various initial BPB concen-
trations  


















R2   
5 86.30 4.76 5.13 0.042 1.10 0.9679 2.74 0.022 0.666   
10 84.74 16.17 17.99 0.035 11.47 0.994 9.62 0.050 0.832   
20 28.39 12.47 10.88 0.075 8.91 0.9513 4.36 0.020 0.235   
30 26.26 24.48 23.92 0.485 277.77 0.9624 7.25 0.025 0.235   
40 33.87 49 49.02 0.009 21.79 0.992 28.78 0.057 0.779   
Figure 12. Effect of time on BPB dye removal  
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15, at low catalyst dosage (i.e. m/v = 0.25 g/L) a 
weak decrease in the removal yield (up to 21.59 
%) was obtained. By increasing in the dosage of 
catalyst from 0.25 to 0.5 g/L, the removal effi-
ciency was increased from 21.59 to 86.30 %   
and thereafter sharply decreased, almost 
reaching 36.07% at catalyst dosage of 1.25 g/L. 
Therefore, the removal of BPB was highly in-
fluenced by the amount of catalyst.  
Therefore, the optimum of catalyst mass 
concentration was 0.5 g/L with 86.30% removal 
within 60 min. Scarily weak removal efficiency 
observed at a first catalyst dosage (i.e. 0.25 g/L) 
is due to the saturation of NZF catalyst surface 
by adsorbed matter. An increase in catalyst 
dosage up to 0.5 g/L would lead to more for-
mation of the available active sites on the sur-
face of the catalyst NZF for adsorption process, 
thus enhancing the removal efficiency of BPB 
dye. However, a decrease in the removal effi-
ciency with further increase in catalyst dosage 
beyond 0.5 g/L.  
According to general colloid chemistry prin-
ciples, the discrepancy observed for the NZF 
NPs sample beyond 0.5 g/L could exclusively 
attributed to: (i) the electrostatically instabi-
lized dispersion system; (ii) partially self-
association of NZF NPs; (iii) low specific sur-
face area; and (iv) less reactive sites for the ad-
sorption of organic contaminants. The thermo-
dynamic and mass transfer limitation and the 
tendency of agglomeration of NZF NPs are 
probably the primary factors responsible for 
the reduction of the removal yields. Thus, near-
ly complete adsorption degradation was 
achieved at the optimum catalyst dosage of 0.5 
g/L for 60 min. Thus, 0.5 g/L of NZF was select-
ed as the catalyst dosage for the subsequent 
experiments. 
 
3.2.5 Effect of catalyst nature 
The adsorption potential of ZF and NZF 
NPs toward BPB was investigated. The remov-
al capacities of NZF compared with ZF spinel 
structures illustrated as NZF and ZF points in 
the legend of the Figure 15, are reported in Ta-
ble 7. The results show also that ZF NPs depict 
low removal efficiency of BPB (up to 34.75%), 
Figure 15. Effect of catalyst nature on the ad-
sorbed amount of BPB (ZF and NZF points: re-
moval capacities in mg/g, NZF bar: removal effi-
ciency in % )  
Figure 14. Effect of NZF catalyst dosage on the 
adsorbed amount of BPB  
Table 6. Pseudo-second-order kinetics parameters  for adsorption of BPB at various catalyst dosage  























0.25 g/L 21.59 10.88  11.19 0.006 0.80 0.744  13.07 0.039 0.876 
0.5 g/L 86.30 16.17  17.98 0.035 11.47 0.994  9.62 0.049 0.832 
0.75 g/L 47.62 5.58  6.24 0.089 3.49 0.987  5.88 0.024 0.608 
1 g/L 40.43 7.05  3.07 0.059 0.55 0.927  5.94 0.073 0.963 
1.25 g/L 36.07 3.26  3.07 0.059 0.55 0.927  2.41 0.079 0.779 
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almost three times lower than that of NZF (up 
to 86.30 %). A great specific surface area, a  
stabilized and homogeneous dispersion state of 
NZF NPs and the electrostatic interaction be-
tween the BPB-2 anions and the NZF-H3O+ ac-
tive sites on NZF surface, were believed to be 
the primary causes for the enhanced adsorption 
efficiency of NZF nano-catalyst towards BPB 
pollutant in comparison with that of pristine 
ZF. Moreover, at high temperature (T = 1000 
°C in our case) leads to zinc loss during the an-
nealing process form Ni-Zn ferrite spinels pro-
ducing non-stoichiometry and resulting in cati-
on vacancies and unsaturated oxygen ions 
which, due to the electrostatic interaction, bond 
to the neighboring Fe3+ ions in the spinel lattice 
giving rise to Fe2+ ions Fe2+.  
 
3.2.6  The kinetic  of adsorption  
Modeling with pseudo-first order: The model 
was developed by Lagergren as can be ex-
pressed by Equation (17) [55]. 
 
                (17) 
 
 
where qe and qt are the dye adsorbed per unit 
weight of adsorbent at equilibrium and at time 
t, respectively. K1 is pseudo-first order rate con-
stant (min-1). First order rate constant k1 was 
calculated from the slope value of the linear 
plot of log (qe-qt) vs. t. Correlation coefficient 
(R2) was also calculated from the linear plots 
log (qe-qt) = f(t). The pseudo-first-order rate con-
stants k2 and the correlation coefficients (R2) at 
various operating keys parameters: pH of the 
solution, initial dye concentrations, adsorbent 
doses and nature of catalyst are respectively 
shown in Tables 4-7. The comparison between 
the experimental (qe,exp) data with the calculat-
ed values (qe,cal) does not agree well with the 
first-order kinetic model. 
Modeling with pseudo second order: The 
pseudo second order kinetics equation devel-
oped by Ho and McKay, have the following line-
ar form, Equation (18) [56]:  
 
            (18) 
 
 
where k2 is the pseudo-second-order constant 
(g/mg.min) and when time tends towards zero 
the initial adsorption rate (h (mg/g.min)) can be 
written as Equation (19): 
 
            (19) 
 
where qe is the adsorption capacity at equilibri-
um time, and k2 is the pseudo-second-order 
constant. These two parameters can be extract-
ed directly from the slope and intercept of plots 
of t/qt vs. t, respectively at different conditions. 
The results are shown in Figures 16-19 and Ta-
bles 6-8. The correlation coefficient (R2) values 
of the linear portions are very high, which indi-
cates that the kinetic model of adsorption of 
BPB dye follows the pseudo-second-order. In 
this process the overall rate of adsorption was 
mainly controlled by chemisorption. 
Table 7. Pseudo-second-order kinetics parameters for adsorption of BPB on various catalyst  
Catalysts 













ZF 34.75 10.79  8.051  0.045 2.96 0.988 
NZF 86.30 16.17  0.035 11.47 0.994 17.98  
Figure 16. Pseudo-second-order kinetics for 
adsorption of BPB at various pH solution 
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3.2.7  Comparison study 
In comparison, the highest adsorbed amount 
at equilibrium was observed for Sorel's cement 
nanoparticles followed by NZF and ZF. This 
finding can be ascribed to the experimental 
conditions and properties of adsorbent such as 
specific surface area, pore size and the presence 
of functional groups on the external surface. 
The surface porosity was a factor that can be 
affected the uptake of the dye molecules since 
the BPB molecules have a large kinetic diame-
ter in comparison with other organic molecules. 
Results showed that the spinel materials could 
be suitable for the adsorption of bromophenol 
blue dye. Table 8 summarizes the adsorption 
capacities of BPB on different adsorbents.  
 
3.2.8  Potential adsorption mechanism 
Scheme 1 shows the schematic diagram of 
the adsorption of BPB-2 anions on the         
NZF-H3O+ active sites of NZF clay soil, as dis-
cussed in details in the Section  3.2.1.  
4. Conclusions 
In this study, ZnFe2O4 (ZF) and 
Ni0.6Zn0.4Fe2O4 (NZF) stable magnetically 
nano-ferrospinel particles were successfully 
synthesized by a facile sol-gel method for re-
moval BPB  dye from the industrial aqueous 
media. Single phase product formation was 
confirmed by XRD and SEM. From XRD and 
UV-vis-DRS results, it is highlighted that aver-
age crystallite size and band gap energy are de-
creased owing to nickel ion substitution. NZF 
exhibited high removal efficiency (up to 
∼86.30%) to reduce BPB within 60 min under 
optimum conditions of 5 mg/L BPB, 0.5 g/L cat-
alyst, pH = 6 and 25 °C, which was 3 times as 
much as that of pristine ZF. The adsorption ki-
netics were correlated with pseudo second or-
der reaction. A high specific surface area, a sta-
bilized dispersion state of NZFNPs and the 
electrostatic interaction between the BPB-2 ani-
ons and the NZF-H3O+ active sites on NZF sur-
face, were supposed to be was the key factors 
Table 8. Comparison of adsorption capacities of 
BPB on different adsorbents (Data after kinetic 




qe. (mg/g) Refs. 
α-chitin 15 22.72 [57] 
Sorel's ce-
ment 
7.6 28.6 [53] 
CuO 45 5.82 [58] 
NZF 5 16.17 This study 
ZF 5 10.79 This study 
Figure 17. Pseudo-second-order kinetics for ad-
sorption of BPB at various initial BPB  concen-
trations  
Figure 18. Pseudo-second-order kinetics for 
adsorption of BPB at various catalyst dosage of 
NZF  
Figure 19. Pseudo-second-order kinetics for 
adsorption of BPB on various catalyst 
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in the increased of the adsorption efficiency of 
NZF nano-adsorbent towards BPB dye. In com-
parison with other adsorbents, NZF was found 
to be a promising material for the purification 
of water containing BPB dye. The dye adsorp-
tion conditions, surface area, porosity and the 
presence of function groups on the surface 
could be the raisons for the high adsorption ca-
pacity of any adsorbents. The studied material 
could be also effective in the area of catalysis 
due to its appropriate band gap which can be 
effectively used as photocatalyst. This study 
gives an introduction of our future research 
works on these kinds of materials in the field of 
advanced catalysis.  
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